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A novel microfabricated multichannel emitter for electrospray ionization mass spectrometry
(ESI-MS) was implemented with polydimethylsiloxane (PDMS) using a soft lithography
technique. The emitters are formed as electrospray tips along a thin membrane on the edge of
the device with channels of 100 mm 3 30 mm dimensions. The electrospray performance of the
PDMS emitters for a single channel device and a four channel device interfaced with a
time-of-flight mass spectrometer was evaluated for detecting the molecular weight of reference
peptides (angiotensin I and bradykinin). The emitters were durable at the flow rate of 1–20 mL
min21 for more than 30 h of continuous electrospray with limit of detection of 1 mM (S/N 18).
This microfabrication method for a PDMS multichannel emitter as an integral part of a
microfluidic device will facilitate development of more complex microfluidic analysis systems
using ESI-MS. (J Am Soc Mass Spectrom 2001, 12, 463–469) © 2001 American Society for
Mass Spectrometry
Microfluidic analytical systems have been a sub-ject of increasing interest in recent years, par-ticularly for the analysis of biomolecules
[1–4]. Devices have been reported using high perfor-
mance liquid chromatography, electrophoresis, isoelec-
tric focusing, and electrochromatography separations
with photometric, fluorometric, electrochemical, and
mass spectrometric (MS) detection methods. Applica-
tions of mass spectrometric detection have been focused
upon electrospray ionization (ESI), and several groups
have reported the development of microfluidic systems
for interfacing to ESI-MS [5–20].
Some of the earliest work described electrospray
directly from microfluidic channels opening at the edge
of a glass device [5, 6]. This approach was complicated
by the tendency to accumulate a droplet at the exit that
formed a mixing volume and degraded the resolution
of the separation system on the device. Most of mi-
crofluidic devices interfaced to ESI-MS, however, have
utilized conventional electrospray emitters (e.g., ta-
pered fused silica capillaries) attached to the device
[7–16]. This approach yields satisfactory ESI perfor-
mance, but has two problems: (i) the potential for dead
volume in the attachment leading to degradation of
separation quality, and (ii) the loss of the key advantage
of photolithography-based microfabrication methods,
i.e., the ability to make multiples of a function as easily
as producing a single function on a device.
A few research groups have reported microfabri-
cated ESI sources as an integral part of the device.
Silicon nitride [17] and parylene [18] electrospray emit-
ters microfabricated on silicon devices were developed
by one research group. An ESI emitter for an isoelectric
focusing device has been constructed on polycarbonate
plates using a laser micromachining method [19]. Re-
cently, electrospray nozzles have been fabricated from a
monolithic silicon substrate [20]. These microfabricated
ESI devices gave good electrospray performance, but all
of them require relatively complex processes and facil-
ities to produce the devices.
Although most of microfluidic devices of glass, sili-
con, or quartz substrates reported so far have primarily
utilized the methods for channel production originally
developed from microelectronic fabrication, the intro-
duction of the soft lithography technique [21] has
provided a simpler microfabrication process which re-
quires less sophisticated facilities. In this method, the
photoresist patterns for the microfluidic channels pro-
duced on silicon wafers by photolithography are used
as masters to mold polydimethylsiloxane (PDMS) rep-
licas as grooves in a PDMS surface. The grooved surface
is sealed onto a planar piece of PDMS or glass to make
a closed system of microfluidic channels. The PDMS
substrate has several advantages for microfluidic de-
vices including low cost, favorable optical properties for
photometric or fluorometric detection, and a rapid and
simple fabrication process using soft lithography. The
designs of PDMS microfluidic devices made by this
method are also readily transferable to injection mold-
ing processes for larger scale production of the devices.
We are interested in microfluidic devices for ESI-MS
analysis of peptides and proteins with a longer term
goal of developing inexpensive, disposable devices for
high throughput proteomics work. Such devices should
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ideally include the electrospray emitter as an integral
part fabricated by the same process as the device itself.
In this work using the standard soft lithography tech-
nique, we have developed a microfabrication method
for ESI emitters of PDMS microfluidic devices without
the need for manual attachment of separate compo-
nents. Prototype single and four-channel PDMS emit-
ters were formed along a thin membrane on the edge of
a device consisting of two bonded PDMS parts, and
these devices were interfaced to an ESI time-of-flight
(TOF) MS.
Experimental
Cleanroom Construction
A 6 ft. 3 10 ft. softwall cleanroom was constructed
using a tubular steel frame enclosure covered on the
sides with overlapping curtains of 40 mil clear polyvi-
nyl chloride (PVC, AIN Plastics, Marietta, CA). A gap of
6 in. was left between the bottom of the curtains and the
floor. The top of the enclosure was framed with stan-
dard ceiling grid material (Armstrong Ceiling Suspen-
sion Systems, Lancaster, PA) to accept 2 ft. 3 4 ft. clear
acrylic ceiling panels (ICI Acrylics, Wilmington, DE),
which were held in the place with clear silicone sealant
(RTV Dow Corning, Midland, MI). A woodworking
shop high efficiency particulate filter (Delta Interna-
tional Machinery Corp., Pittsburgh, PA) was mounted
on the top of the frame with the effluent directed via a
12 in. diameter flexible duct to a ceiling diffuser
mounted in the top of the room. The clear ceiling panels
admit light from the laboratory from yellow fluorescent
lamps (General Electric F40GO, Grainger Industrial
Supply, Atlanta, GA) mounted in the laboratory light
fixtures (“safe lights” for the photosensitive resist). A 2
ft. 3 4 ft. gowning room entrance was formed in the
corner of the enclosure with additional PVC curtains
and fitted with a “sticky mat” (Cat. No. 06-525-1, Fisher
Scientific, Suwanee, GA). Cleanroom apparel (frocks,
shoe covers, head covers) were from Kappler (Fisher
Scientific). A clean bench of ISO class 100 (Labconco
“Purifier” Model, Fisher Scientific) was used inside the
cleanroom in fabricating the PDMS devices. This clean-
room has been certified as ISO class 10,000.
Microfabrication of the PDMS Emitter by Soft
Lithography
The photomask design for the microfluidic channels of
the PDMS devices were created with a CAD program
(Freehand 8, Macromedia, San Francisco, CA), and
were printed on transparency film using a high-resolu-
tion image setter (3556 dpi resolution, Scitex Dolev 450,
CreoScitex America Inc., Bedford, MA). Figure 1 shows
the photomask image for the top PDMS part of the four
channel device. This transparency was used as a mask
in contact photolithography to produce masters com-
posed of a positive relief of negative photoresist on a
silicon wafer (white areas of the mask yield raised areas
on the wafer with negative photoresist). The design
defines the channels and edge profile of the PDMS
device with each channel terminating at a point on the
edge. The channels (white lines in Figure 1) were
designed with a width of 100 mm, a depth of 30 mm (the
thickness of the photoresist on the master wafer), and a
length of 4 cm. The design for the single channel device
is not shown, but has the same dimensions for the
channel and tip.
The soft lithography method [21] has been described
and is summarized here as applied in this work. A 100
mm silicon wafer (cleanroom grade, Silicon, Boise,
Idaho) was heated on a hot plate at 100 °C for 2 h to
remove surface moisture. Negative photoresist SU-8 50
(Microchemical, Newton, MA) was coated on the wafer
using a spin coater (Model WS-200-4NPP, Laurell Tech-
nologies, North Wales, PA) that was spun at 5000 rpm
following acceleration at 1000 rpm s21 for a total spin
time of 25 s (including acceleration time). The spin-
coated wafer was prebaked at 55 °C for 3 min, and then
at 95 °C for 25 min. After baking, the photomask image
shown in Figure 1 was patterned on the negative
photoresist using UV lamp (365 nm, Model EA-140,
Spectronics, Westbury, NY) exposure for 30 s. The
wafer exposed with UV was postbaked at 95 °C for 15
min and developed in 2-(1-methoxy)propyl acetate (Ac-
ros Organics, Pittsburgh, PA). After developing the
wafer, the height of photoresist pattern on the master
wafer was measured as 30 mm using a profilometer
(Mitutoyo Model ID-C112C Dial Indicator, McMaster-
Carr, Atlanta, GA).
To mold the PDMS replica on the master wafer (see
Figure 2A, B), the rectangular device photoresist pattern
on the master wafer was surrounded with three brass
bars (0.5 in. 3 0.25 in.). The thin membrane for the
PDMS emitters was made by covering the ends of the
tips on the photoresist pattern (the right side of Figure
2A, B) with a curved piece of transparency film (3M
PP2500 for laser printers, 3M Visual Systems, Austin,
TX) which was held in place by plastic tape (Scotch
Figure 1. Image of the photomask for the top PDMS part of the
four channel device. (The channel image is shown wider than scale
for clarity.)
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Magic Tape, 3M, Minneapolis, MN) and pressurized by
a fourth brass bar of the same size. PDMS prepolymer
(Silgard 184, Dow Corning) was mixed with curing
agent in the ratio of 10:1, and the premixture was
degassed under vacuum for 1 h. Before casting the top
PDMS part against the master wafer, four segments of 5
cm fused-silica capillaries (FSCs, 75 mm i.d. and 360 mm
o.d., Polymicro Technologies, Phoenix, AZ) were at-
tached at the channel ends distal to the ESI points of the
photoresist pattern on the wafer using the PDMS pre-
mixture as “glue” in order to provide openings for
connecting longer FCSs to the cured PDMS device. The
degassed premixture was cast against the master wafer
which had been silanized with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-trichlorosilane (United Chemical
Technologies, Bristol, PA) under vacuum for 2 h. The
premixture on the master wafer was cured at 70 °C for
3 h in an oven, and the cured top PDMS part was peeled
from the master wafer. After curing, the 5 cm FCSs in
the top PDMS part were removed and replaced with
new 20 cm segments of same dimension FSCs to make
fluid connections to the channels. The new FSCs were
attached while flowing nitrogen through the capillary
to prevent clogging, and the FSCs were secured in the
place with PDMS premixture. The bottom PDMS part
was made on a silicon wafer without the photoresist
patterns using transparency film to make a curved edge
symmetrical to the top PDMS part of the device.
The cured top and bottom PDMS parts were surface
oxidized at the same time in a plasma cleaner (Model
PDC-32G, Harrick Scientific, Ossing, NY) at a “medi-
um” power setting for 1 min at 2 torr air pressure. After
oxidation in air plasma, the top PDMS part was aligned
to the bottom PDMS part using a thin layer of methanol
between the parts, and then bonded by heating at 70 °C
for 4 h to evaporate the methanol. The membrane edges
for the emitter tips in the bonded PDMS device were
trimmed to shape using iris scissors (Roboz Surgical
Instrument, Rockville, MD) and a scalpel blade under a
stereomicroscope (Model AO 569, American Optical,
Southbridge, MA) along the photoresist pattern in the
cast PDMS device as a guide for the emitter shape. The
angle of emitter tip and channel shape and size are
shown in Figure 2C.
Detection
A Mariner ESI-TOF-MS instrument (PE Biosystems,
Framingham, MA) was used to acquire mass spectro-
metric data. The instrument was modified by adding a
Z-axis adjustment made from an acrylic plate that
attached edgewise to a microscope mechanical stage
mechanism (Fisher Scientific) mounted to the existing
XY adjustable ESI mount.
The channels of the microfabricated PDMS device
were washed with methanol and water using a syringe
pump (Model 11, Harvard Apparatus, South Natick,
MA). The FCSs in the PDMS device were connected
with a metal union (Model ZU.5T, Valco, Houston, TX)
to which ESI high voltage was applied. A standard
solution of 1 mg mL21 each of angiotensin I and
bradykinin (Sigma Chemical, St. Louis, MO) in a 1:1
(v/v) water-methanol solution, to which 0.1% acetic
acid was added, was diluted to 10, 1, and 0.1 mM with
the same solvent. The sample was injected into the
PDMS device by the syringe pump with flow rate of
1–20 mL min21. To compare the electrospray perfor-
mance of the PDMS emitter with a standard fused silica
emitter, FSC (75 mm i.d. and 360 mm o.d.) was pulled by
laser-based micropipet puller (Model P-2000, Sutter
Instrument, Novato, CA) to a 25 mm i.d. tip and
trimmed to a 20 cm length. The ESI performance of the
FSC emitter was examined with sample concentrations
of 10, 1, and 0.1 mM and flow rates of 0.1–20 mL min21.
The distance of the emitter tip for the single channel
and the four channel PDMS devices was varied from 5
to 10 mm in front of the orifice of the ESI-TOF-MS using
an XYZ translational stage. To generate electrospray
from the emitters, the ESI potential from the ESI power
supply of the instrument was applied to the metal
union connecting the FSC to the syringe pump. The
flow rate of nitrogen curtain gas varied from 500 to 2000
mL min21, and the interface was heated to 120 °C.
The images of the Taylor cone and solution drop on
Figure 2. (A) Schematic representation (side view) of the mold-
ing of the PDMS replica on the master wafer with photoresist
pattern, (B) detail of the thin membrane for PDMS emitter, and (C)
detail of trimmed emitter showing the angles of the emitter tip and
the dimensions of the channel.
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the emitter were acquired with a CCD video camera
with a 20 cm extension tube and 43 microscope objec-
tive as lens and using a video capture interface and
software (Snappy Video Snapshot, Play, Rancho Cor-
dova, CA).
Results and Discussion
Microfabrication of the PDMS Emitter
Using the methodology [22, 23] described above, we
designed and fabricated PDMS devices with single
channel and four channel emitters for ESI-MS. The
prototype devices were designed with the channel
dimensions of 100 mm wide and 30 mm deep in order to
minimize clogging problems when the device was
fabricated and trimmed, or when the sample solution
was injected.
Figure 2A, B shows how the curved shape and thin
membrane along the edge of the PDMS device were
formed by a piece of curved transparency film. It was
critical to locate the position of the transparency film
edge on the end of channel openings on the master
wafer for the top PDMS part in order to control the
thickness of the PDMS membrane edge. The 0.5 in. 3
0.25 in. brass bar provided sufficient pressure to the
film to control the membrane thickness at the channel
openings of the emitters to less than 100 mm.
Although a thick PDMS piece can be bonded easily
following surface oxidation in the plasma cleaner, in the
case of the thin PDMS membrane for the emitter, it is
necessary to make a fine alignment between the top and
the bottom PDMS parts using a layer of methanol
between the parts [24]. The 3-mm long pointed emitter
tips at each channel opening (Figure 2C) were made by
trimming the membrane edge of the bonded PDMS
device following the profile (Figure 1) which had been
formed in the PDMS by the photoresist pattern as a
guide. After trimming, the shaped PDMS device was
heated at 70 °C to remove the prepolymer residue in the
trimmed PDMS device. A total time for curing and
heating was 72 h, which was found to be the optimal
condition to minimize the background signals from
PDMS devices by previously reported work [13].
Electrospray Performance
The emitter tips were positioned from 5 to 10 mm in
front of MS orifice by the XYZ translational stage as
shown schematically in Figure 3. Figure 4A shows that
when a solution of angiotensin I and bradykinin (10 mM
each) were injected at a flow rate of 3 mL min21 without
ESI high voltage, a solution drop accumulated on the
emitter tip of the PDMS device without wetting due to
the hydrophobic nature of the PDMS surface. It has
been reported that when a PDMS device is oxidized, the
surface of PDMS initially becomes hydrophilic, but
reverts to being hydrophobic in ;30 min [25]. This
droplet formation prior to applying high voltage is
consistent with the initially hydrophilic oxidized sur-
face reverting to a hydrophobic character after PDMS
curing for 72 h. It has previously been discussed that the
hydrophobic surface of the emitter prevents the sample
solution from spreading over the edge surface of the
microfluidic device and helps to focus the electric field
at the liquid surface exiting the channel [5]. Figure 4B
shows the change in shape of the droplet and formation
of a Taylor cone upon application of ESI potential.
In order to observe the Taylor cone of the electro-
spray, we used a single channel device to facilitate
positioning the CCD camera. Since a more sharply
pointed emitter tip was expected to yield a better
electrospray, we evaluated tips with point angles of 30°
and 60° (Figure 2C); no difference was observed be-
tween the two profile angles. Also, when the flow rate
of nitrogen curtain gas was varied from 500 to 2000 mL
min21, the curved shape of PDMS emitter device pro-
duced a smooth flow of the curtain gas with no distur-
bance of the electrospray.
Figure 3. Schematic illustration of the PDMS multichannel de-
vice interfaced to ESI-TOF-MS with sample injection system and
ESI voltage connection.
Figure 4. (a) Photomicrograph showing the sample solution (10
mM angiotensin I and 10 mM bradykinin in 1:1 methanol-water
containing 0.1% acetic acid) droplet on the hydrophobic surface of
PDMS emitter without ESI voltage (The dashed lines show 100 mm
wide channel), and (b) photomicrograph of the electrospray of the
same solution at flow rate of 3 mL min21 with ESI voltage of 2.7 kV
at a distance of 10 mm from the mass spectrometric orifice.
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When the ESI high voltage was applied to single
channel and four channel devices, it was observed that
the range of 1.8–2.8 kV produced a good Taylor cone at
a 5 mm distance from the mass spectrometric orifice,
and the range of 2.3–3.1 kV was suitable at 10 mm.
Figure 4B shows the Taylor cone on a 30° angle emitter
at 8 mm from the orifice using a flow rate of 3 mL min21
at 2.7 kV. The electrospray performance of the PDMS
emitter was durable for more than 30 h. In the previous
reports of electrospray from the edge of glass microflu-
idic devices [5, 6], ESI voltages of ;4 kV were applied to
generate the electrospray directly from the edge open-
ing at 5 mm position in front of the orifice. The
electrospray from the hydrophobic PDMS emitter de-
vice with a thin point could be performed using lower
ESI voltages.
Stability of the Total Ion Current (TIC) and the
Limit of Detection (LOD)
In order to evaluate the TIC stability and the LOD for a
mixture of angiotensin I and bradykinin with ESI-TOF-
MS, sample solutions of 10, 1, and 0.1 mM were injected
into the PDMS device at flow rates of 1–20 mL min21.
Figure 5 shows the electrospray stabilities and the
signal intensities monitored at a 10 mm distance from
the orifice with an ESI voltage of 2.7 kV. TICs are shown
for the concentrations of 10 and 1 mM as well as PDMS
background in the mass range between 200 and 700 m/z
with an acquisition time of 1 s/spectrum for 20 min
using flow rate of 3 mL min21. The signal stability of the
TIC was evaluated by measuring the relative standard
deviation (RSD) of the signal intensity. The PDMS
background (Figure 5A) had a 12.5% RSD. When the
concentration was increased from 1 mM (Figure 5B) to
10 mM (Figure 5C), it was observed that the RSD
dropped from 6.8% to 2.8% and the S/N ratio improved
from 181 to 532. The S/N was calculated as ratio
between the signal intensities for [M 1 3H]31 of angio-
tensin I and the background. The absolute signal inten-
sity for the sample of 10 mM (61,809) was ;2 times
higher than that of 1 mM (32,697). In the case of the 10
mM sample, the average (2.95%) of signal stabilities and
the average (538) of S/N ratios for channels of the four
channel PDMS device measured individually had stan-
dard deviations of 0.2% and 32, respectively. The mea-
sured molecular masses of angiotensin I and bradykinin
were within 0.01% of calculated values. These results of
electrospray for PDMS four channel emitter demon-
strated good long-term stability with signal intensity
correlated to sample concentration.
As shown in Figure 6, when the emitter of a single
channel device was positioned 5 mm from the orifice at
2.7 kV using the sample concentration of 10 mM for
angiotensin I [a] and bradykinin [b] with flow rate of 3
mL min21, the signal intensities (Figure 6A) of the
Figure 5. Signal stabilities from (a) TIC of PDMS background
signal when using the solution of 1:1 methanol-water containing
0.1% acetic acid, (b) TIC of the sample concentration of 1 mM
peptide mixture, and (c) TIC of 10 mM peptide mixture solution.
The mass range of all TICs was between 200 and 700 m/z using a
flow rate of 3 mL min21 with an emitter–orifice distance of 10 mm.
Figure 6. Spectra for the sample mixture of angiotensin I [a] and
bradykinin [b] of the concentration of 10 mM using flow rate of 3
mL min21 and a single emitter device at a distance of (a) 5 mm and
(b) 10 mm from the orifice (P indicates PDMS background signal
of 223 and 245 m/z).
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PDMS background peaks (223 and 245 m/z) were higher
than those at 10 mm (Figure 6B). These results indicate
that, in order to minimize the lower mass background
peaks, it is preferable to locate the emitter tip at the
greater distance from the orifice.
Figure 7 shows the spectrum for a 1 mM sample
sprayed with a flow rate of 1 mL min21 at the distance
of 10 mm from the orifice using an acquisition time of
0.1 s/spectrum. The LOD was observed as 1 mM at the
10 mm position with the S/N ratio of 18 for the [M 1
3H]31 peak of angiotensin I [a]. To make the compari-
son with the results from a pulled FSC electrospray tip,
the sample concentration and the parameters of ESI-
TOF-MS were kept constant as well as the 10 mm
distance from the mass spectrometric orifice. The LOD
with the 25 mm i.d. FSC tip was 0.01 mM (S/N 25).
When the flow rate was decreased below 1 mL min21,
the electrospray from the PDMS emitter was unstable,
and when the sample concentration was decreased to
0.1 mM, the signal was undetectable.
Conclusions
We have described a fabrication method that allows
production of ESI-MS emitters as an integral part of a
PDMS microfluidic device. The PDMS emitters exhibit
durable and stable performance with adequate detec-
tion sensitivity. Although the relatively large channel
size emitters demonstrated in the prototype devices
described here do not yield ESI sensitivity as good as
pulled fused silica “nanospray” emitters, it is expected
that PDMS emitters of this design with smaller channel
dimensions will exhibit greater sensitivity in the same
way that fused silica emitters tend to yield greater
sensitivity with smaller orifice size. The described ap-
proach for ESI emitter as an integral part of a PDMS
multichannel device should facilitate the development
of more complex analytical systems using ESI-MS de-
tection.
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